aBBreViatiONS BA = basilar artery; DM = diabetes mellitus; EDAMS = encephalo-duro-arterio-myo-synangiosis; EDAS = encephalo-duro-arterio-synangiosis; EMS = encephalo-myo-synangiosis; ICA = internal carotid artery; MCA = middle cerebral artery; MMD = moyamoya disease; SCA = superior cerebral artery; SPECT = singlephoton emission computed tomography; STA = superficial temporal artery; STSG = split-thickness skin graft. SuBmitted January 13, 2014. accepted December 5, 2014. iNclude wheN citiNg Published online July 3, 2015; DOI: 10.3171/2014.12.JNS132602. diSclOSure The authors report no conflict of interest concerning the materials or methods used in this study or the findings specified in this paper. * Drs. Takanari and Araki contributed equally to this work. OBJect Intracranial revascularization surgeries are an effective treatment for moyamoya disease and other intracranial vascular obliterative diseases. However, in some cases, wound-related complications develop after surgery. Although the incidence of wound complication is supposed to be higher than that with a usual craniotomy, this complication has rarely been the focus of studies in the literature that report the outcomes of revascularization surgeries. Here, the relationship between intracranial revascularization surgeries and their complications is statistically assessed. . Multivariate logistic regression analysis also revealed that double procedures demonstrated a significantly higher incidence of wound complications than single procedures (OR 3.087, p = 0.048). DM was found to be a risk factor for wound complication (OR 9.42, p = 0.02), but age, sex, hypertension, and hyperlipidemia were not associated with the incidence of complications. Even though the blood supply to the scalp is abundant due to 5 arteriovenous systems, sometimes cutaneous necrosis develops after intracranial revascularization surgeries. The galeal blood supply is thought to be crucial for preventing wound-related complications. Special care is also thought to be required for DM patients. cONcluSiONS Revascularization surgeries seemed to demonstrate a higher risk of wound-related complications. Double-type procedures, which use both branches of the STA, and a history of DM were found to be risk factors for wound-related complications. Attention should be paid to the design of the galeal incision and vessel harvest line. Also, special attention should be paid to patients with DM.
O perative wound-related complications are rare after craniotomy surgery without harvesting scalp vessels. It is known that the vascular network in the scalp is well developed with several arteriovenous systems, which meet the demands of tissue growth and differentiation in the scalp. 23 Layers of tissues, such as the skin, subcutaneous tissue, galea, and pericranium, support and protect the cranial bone. Despite such rich vascularity, skin necrosis sometimes develops at the surgical site and is difficult to salvage. Even worse, skin necrosis can be a life-threatening problem when infection arises in the nonvascularized bone used in the primary operation. 7 Intracranial revascularization surgeries are an efficient treatment for moyamoya disease (MMD)-which is characterized by progressive stenosis or occlusion of the bilateral internal carotid arteries (ICAs) that is associated with a compensatory abnormal vascular network 4, 8, 11, 12, 14, 21 and cerebral major artery occlusive diseases such as arterial occlusion and aneurysm. The surgical procedure involves several surgical techniques, including superficial temporal artery-to-middle cerebral artery (STA-MCA) bypass, superficial temporal artery-to-superior cerebral artery (STA-SCA) bypass, encephalo-duro-arterio-synangiosis (EDAS), and encephalo-duro-arterio-myo-synangiosis (EDAMS). These revascularization procedures have a specific common feature: switching the blood supply from the scalp to the brain by harvesting the STA. Although this switching is obviously necessary for facilitating cerebral blood flow, it compromises the blood supply to the scalp. For this reason, operative wound-related complications are considered to have a higher incidence in cerebral revascularization surgeries that use the STA than regular craniotomies. However, these complications have rarely been the focus of past studies that analyzed the outcome of these procedures.
In this study, we retrospectively reviewed the outcomes of cerebral revascularization surgeries performed at our institute and focused on the possible risk factors of wound complications.
methods
Seventy-one patients underwent cerebral revascularization surgeries on 98 sides of the head between October 2004 and February 2010. All information was retrospectively collected and included in the study. A summary of the patients is shown in Table 1 . Our study population included 69 cases of MMD, 9 cases of pseudo-MMD, 7 ICA aneurysms, 6 ICA occlusions, 2 MCA aneurysms, 3 MCA occlusions, and 2 basilar artery (BA) occlusions. There were 36 male and 35 female patients, and the mean age was 32.5 years (SD 20.7 years; range 1-75 years).
Information about the patient characteristics, operative procedures, and postoperative courses were retrospectively collected. The patient characteristics included age, sex, history of diabetes, hypertension, hyperlipidemia, and smoking history. Primary surgery was performed by a neurosurgeon (S.O. or Y.A.). The "single"-type operative procedures included STA-MCA bypass, STA-SCA bypass, EDAS, and EDAMS, in which one of the STA branches was used. The "double"-type procedure used both STA branches and consisted of a combination of single-type procedures. Patients who received high-flow bypass (arterial graft), parental artery occlusion, or encephalo-myo-synangiosis (EMS) but did not undergo the procedure with STA harvesting were excluded from this study. Double-type procedures for direct or indirect revascularization were performed to resolve severely hemodynamically compromised patients who had frequent ischemic events and poor cerebral circulation. Single-type procedures were performed in other patients. Information about the postoperative course included time of occurrence, severity of wound complications, and how these complications were managed. All wounds were primarily assessed by a neurosurgeon, and patients were referred to a plastic surgeon when needed. Wound complications were classified as minor or major by examination by 2 or more plastic surgeons. Wound complication with congestion, which results in superficial necrosis in the epidermal level or the loss of smooth adaptation, was classified as a minor complication and treated with ointment or simple resuturing. Major complications included cases that had full-thickness skin necrosis and consequently skin defects. These complications required tissue transfer, such as a local flap and/or skin graft. Osteomyelitis was also categorized as a major complication.
Statistical analysis
One-way ANOVA was used to compare multiple samples. The Cochran-Armitage trend test was used to assess the trends of the surgical procedures toward wound complication. Multivariable analysis using multivariable logistic regression analysis was performed to determine the risk factors for wound complication, and the odds ratio for each risk factor was calculated. All statistical analyses were performed using SAS Analytics pro 9.3 (SAS Institute). Results with p < 0.05 were considered significant.
results
A summary of the procedures and operative wound complications is shown in Table 2 . In total, there were 21 (21.4%) operative wound complications. Of these 21 complications, there were 14 (66.7%) minor complications and 7 (33.3%) major complications.
No statistically significant differences were observed Table 3 ). This trend was confirmed by the multivariable logistic regression analysis, in which double procedures demonstrated a significantly higher incidence of developing wound complications than single procedures (OR 3.087, p = 0.048, Table 4 ). Diabetes was also found to be a risk factor for wound complication (OR 9.42, p = 0.02). Other factors such as age, sex, hypertension, hyperlipidemia, and smoking did not demonstrate a significant correlation to the incidence of wound complication. Improved cerebral blood flow was identified using single-photon emission computed tomography (SPECT) in all cases. All patients with operative wound complications were successfully treated and achieved complete wound healing.
illustrative cases case 1
A 67-year-old woman underwent left external carotid artery-to-MCA bypass and left STA to MCA bypass (STA-MCA bypass) due to a left ICA aneurysm. A 3 × 8-cm skin congestion was observed along the incision line 3 days after surgery, and necrosis developed over 7 days postoperation (Fig. 1A) . Reconstructive surgery was performed 22 days after primary surgery. The necrotic tissue, including the skin and subcutaneous tissue, was debrided. Because the underlying galeal tissue was not available due to necrosis at this level, reconstructive surgery was performed using a local flap and meshed split-thickness skin graft (STSG). A 7 × 10-cm sized local flap was designed in the area behind the defect, and the flap was dissected under the galeal layer. Then, the flap was transposed to the defect, and the donor site was covered by meshed STSG obtained from the thigh (Fig. 1B) . No complications were observed after reconstructive surgery during follow-up, and the wound completely healed.
case 2
A 48-year-old man underwent right STA-MCA bypass and EMS due to MMD. Osteomyelitis developed 3 months after surgery, and the infected bone was removed and an artificial ceramic bone was implanted. However, a second infection developed, and the patient was referred to the plastic surgery department ( Fig. 2A and B) . Reconstructive surgery using a free-vascularized omental flap and titanium mesh was performed 15 months after primary surgery. The artificial bone and infected tissue were removed, and then the wound was irrigated with saline. The right facial artery and right common facial vein were dissected and prepared as recipient vessels. The free omental flap was elevated with the right gastroepiploic artery and vein, and it was prepared for transfer. The omental flap was then placed on the exposed dura, and a titanium mesh plate was positioned on the omental flap and fixed to the adjacent healthy bone. The mesh was enclosed by folding the remaining omental flap over the superficial surface of the plate (Fig. 3A ). The meshed STSG was then placed on the omental flap, and the aim was not to compress the vascular pedicle (Fig. 3B) . No complications were seen during follow-up after surgery, and the wound completely healed (Fig. 4A and B) .
discussion
The arterial vascular distribution to the scalp is supplied by 5 pairs of major arteries. 1, 5, 13, 22, 23, 26 Three pairs- the STA, occipital, and retroauricular arteries-arise from the external carotid artery system and cover the temporal, parietal, frontal (superficial temporal), and occipital (occipital and retroauricular) scalp areas. The remaining 2 pairs-the supraorbital artery and supratrochlear artery (which are the terminal branches of the ophthalmic artery that arises from the ICA system)-distribute blood to the frontal and parietal scalp areas. These 5 arteries supply the cutaneous, subcutaneous, and galeal layers while they anastomose each other. Among these arteries, the STA has the largest territory. Among these layers, the galeal layer contains the largest amount of blood in the scalp since it contains the major arteries. The small perforating vessels that branch out from the galea contribute to the scalp's blood supply. 23 The venous vascular distribution, along with these major arteries, basically drains into the internal or external jugular veins. Despite such rich vascularity, skin necrosis sometimes develops after head operations. Even worse, when infection arises in the nonvascularized bone, it may affect the blood flow of the anastomosed vessels or result in osteomyelitis in the bone flap.
Wound-related complications are rare after craniotomy surgery without harvesting scalp vessels. Some studies, which discuss complications after craniotomy surgery without harvesting scalp vessels, suggest that wound infection occurs in about 5% of all patients (1%-11%). 6, 7, 10, 20, 25 In the report by Katsuta et al., 10 17.6% of patients who underwent cerebral revascularization surgery developed cutaneous necrosis without the appearance of infection. Based on these reports, wound complications after craniotomy surgery without harvesting scalp vessels are estimated to occur in 10%-15% of all patients. However, once infection is involved, it develops into a serious problem. 7 The infected bone should be removed and followed by a reconstructive procedure. Overall, operative wound complications are thought to occur at a higher incidence following intracranial revascularization surgeries than all craniotomies due to the repositioning of the vascular supply from the scalp to the brain. To date, there are only a few studies that focus on wound-related problems. Houkin et al. 8 reported that wound complications that required plastic surgery, which is defined as a major complication in this report, were seen in 2 of 112 surgeries. Katsuta et al. 10 claimed that cutaneous necrosis after revascularization surgery is strongly related to arteriosclerosis obliterans in the limbs and smoking, and may have a possible relation to the surgical procedure (flap method).
In our study, the overall wound complication rate was 21.4%, which is higher than that in other reports. This may be because we counted minor wound problems, such as mere congestion or slight wound dehiscence, as wound complications. Minor wound complications appear to be relatively a high proportion (66.7%) of all complications noted here. Most of these cases healed conservatively, but we think it is important to detect a complication and start treatment during the early phase. This leads to a better final outcome. Although a statistical difference in terms of the incidence of wound complications was not seen between the various surgical procedures, double-type procedures had significantly severer wound complications and a higher incidence of developing wound complications than single-type procedures (p = 0.016, by Cochran-Armitage trend test, Table 3 ; and p = 0.048 by multivariable logistic regression analysis, Table 4 ). Diabetes mellitus (DM) was also found to be a risk factor of wound complication. This makes sense in that microcirculation is intrinsically compromised in patients with DM, and an invasive procedure may further worsen the condition. These results suggest that strict attention should be given to DM patients.
In contrast to the skin on other parts of the body, the scalp has a distinctive vascular anatomy where the galea aponeurotica, which corresponds to the muscular fascia layer in other bodily regions, carries the main blood supply to the scalp. Subcutaneous vascular communication is relatively poor because of the dense fibrous tissue that connects the subcutaneous and galeal layers. Because of this, the local flap of the scalp is usually elevated, including the galeal layer. Harvesting the blood vessels from the galeal layer decreases the scalp's blood supply. Even in procedures where the distal end of the vessel is continuously preserved rather than cut for anastomosis (e.g., EDAS and EDAMS), the blood supply of the galeal layer will be compromised as well. Thus, for surgeries that include blood vessel harvesting from the scalp, the skin incision, galeal incision, and vessel harvest line should be designed to compromise the blood supply as little as possible. Even for the simplest flap incision that places the harvested vessel in the middle of the flap (Fig. 5A) , the cutaneous blood supply is considered to be halved. A cutaneous incision, galeal incision, and vessel harvest line that do not take this into account will result in skin necrosis (e.g., blood supply and drainage will be compromised in the area surrounded by the galeal incision and harvested vessel) (Fig. 5B) . The linear curved incision is not considered to reduce blood supply during single-type procedures (Fig. 5C ), which were frequently used until recently. 3, 10 In contrast, doubletype procedures, which we defined as those that harvest both the temporal and frontal branches of the STA, are considered to reduce the blood supply to the scalp in a critical way (Fig. 5D) . The high wound complication rate in double-type procedures might largely stem from this reduction.
We believe other points that influence the postoperative wound complication rate include the following: traumatic versus atraumatic handling of the edge of tissue; strain to the suture line; extent of damage to the galeal blood vessels during vessel harvesting; and the size and location of the main vessels in the scalp. Considering these points may reduce the complication rate.
To create an effective treatment strategy, we classified wound complications into 2 groups. Minor wound complications included superficial congestion, superficial necrosis, and poor adaptation. These cases were conservatively treated with ointment or simple resuturing. Major wound complications included full-thickness skin necrosis with or without galeal layer necrosis. These were treated using a skin graft, local flap, or free flap. Treatment for major complications was decided based on the part and area of the necrotized tissue. Cranial bone infection was also classified as a major complication and treated by removing the infected bone flap, followed by reconstruction using either a free muscle flap or omental flap. 2, 9, [15] [16] [17] [18] [19] 24 When planning scalp reconstructive surgery after revascularization surgery, surgeons should consider some important points. The route of the vessel used in the primary surgery should be confirmed before surgery in order to avoid damage. The location and the size of the craniotomy and the area where the periosteum was damaged by the primary surgery should be clarified in order to understand which area must be covered with sturdy tissue. The reconstructive surgeon should consider these points and select the best procedure for successful wound coverage. 
conclusions
We reviewed the records of patients who underwent revascularization surgeries and retrospectively assessed the postoperative complications. Revascularization surgeries seemed to demonstrate a higher risk of wound-related complications. Double-type procedures, which use both branches of the STA, and a history of DM were found to be risk factors for wound-related complications. Attention should be paid to the design of the galeal incision and vessel harvest line. Also, special attention should be paid to patients with DM.
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